Measurements program in remote sensing at Purdue University by Silva, L. F.
SECTION 49 
PIEASUREMENTS PROGRAM I N  REFtOTE SENSING 
LeRoy F. S i l v a  and s t a f f  
Labora to ry  f o r  A p p l i c a t i o n s  o f  Remote Sens ing  (LARS) 
Purdue U n i v e r s i t y  
West L a f a y e t t e ,  I n d i a n a  
INTRODUCTION 
The measurements program a t  LARS/Purdue h a s  been  concerned w i t h  
f i v e  b a s i c  r e s e a r c h  a r e a s  d u r i n g  19  71. These a r e a s  a r e  (1)  t h e  i n f l u e n c e  
o f  haze  l a y e r s  upon remotely  s e n s e d  s u r f a c e  p r o p e r t i e s ,  ( 2 )  e l e c t r i c a l  
methods o f  s o i l  m o i s t u r e  measurement,  (3) thennograph ic  s t u d i e s  o f  vege- 
t a t i o n  under  n u t r i t i o n a l  s t r e s s ,  ( 4 )  improved f i e l d  s p e c t r o r a d i o m e  t r y ,  
and (5)  b i o l o g i c a l  spec t ropho tomet ry .  
A l l  o f  t h e s e  p r o j e c t s  have r i s e n  o u t  o f  problems g e n e r a t e d  from t h e  
o v e r a l l  l a b o r a t o r y  m i s s i o n .  The emphasis i n  th-1s p a p e r  i s  on ins t rumen-  
t a t i o n  and t echn iques  ; whereas ,  r e l a t e d  d a t a  and r e s u l t s  on s p e c i f i c  
p r o j e c t s  w i l l  b e  r e p o r t e d  e l sewhere .  Each of  t h e  s u b j e c t  a r e a s  w i l l  b e  
d i s c u s s e d  i n d i v i d u a l l y .  
INFLUENCE OF HAZE LAYERS ON REYOTELY SENSED 
SURFACE PROPERTIES 
During t h e  a n a l y s i s  o f  d a t a  g a t h e r e d  f o r  t h e  1971 Corn B l i g h t  Watch 
Experiment a number o f  unexpected f e a t u r e s  were  obse rved .  One o f  p a r t i -  
c u l a r  i n t e r e s t  was t h e  appearance of b r i g h t  and d a r k  s i d e s  a long  t h e  
f l i g h t l i n e  of  t h e  a i r c r a f t .  An example i s  shown i n  F i g u r e  1, taken a t  
10 :28  a.m. EST on June  30,  1971,  o v e r  s o u t h e r n  I n d i a n a .  The p l a n e  was 
headed s o u t h  ( t o p  o f  f i g u r e )  wFth s u r f a c e  i l l u m i n a t i o n  from t h e  e a s t  
( l e f t )  and ahead o f  t h e  p l a n e .  R e l a t i v e  da rkness  on t h e  l e f t  and b r i g h t -  
- 
* I n  t h i s  p a p e r ,  r e s u l t s  from a  number of s t u d i e s  a r e  s t m a r i z e d ;  
r e s e a r c h e r s  a r e  i d e n t i f i e d  i n  t h e  ack2owledgment s e c t i o n .  
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ness  on t h e  r i g h t  i s  ev iden t  i n  t h e  d a t a  as i t  appeared when d isp layed  
i n  d i g i t i z e d  grey l e v g l s .  
A check of  t h e  p i l o t ' s  l o g  revea led  t h a t  v i s i b i l i t y  was e s t ima ted  
t o  be  on ly  6  m i l e s  whi le  hazy condi t ions  were noted  below the  a i r c r a f t .  
The p o s s i b i l i t y  t h a t  t h e  presence of hazy l a y e r s  may have con t r ibu t ed  t o  
t h e  anomalous e f f e c t s  i n  t h e  d a t a  prompted t h e  computation of s c a t t e r i n g  
,<angles f o r  t h i s  f l i g h t .  These a r e  s h m  i n  Figure 2. The s c a t t e r i n g  
' 
angle  v a r i e s  from n e a r  s i d e - s c a t t e r i n g  on t h e  l e f t  ( e a s t )  . s ide  o f  t h e  
f l i g h t l i n e  t o  nea r  back - sca t t e r ing  on t h e  r i g h t  (west) s i d e .  Since t h e  
s c a t t e r i n g  p r o p e r t i e s  of  t h e  a e r o s o l s  which compose haze l a y e r s  gene ra l l y  
undergo marked v a r i a t i o n s  over  t h i s  range of s c a t t e r i n g  angles  (Deir-  
mendjian, 1969) ,  an a t tempt  t o  compute t h e  expected v a r i a t i o n  of  r e f l e c t e d  
i n t e n s i t i e s  ac ros s  t h e  f l i g h t l i n e  was made. I t  was f i r s t  necessary  t o  
a s s ign  p h y s i c a l  parameters  t o  t h e  haze. A s  a  f i r s t  case ,  t h e  s i z e  d i s -  
t r i b u t i o n  of Deirmendjian's haze L (Deirmendjian, 1969) was s e l e c t e d  a s  
be ing  t y p i c a l  o f  a cont inenta l - type  ae roso l  d i s t r i b u t i o n .  H i s  t a b u l a t i o n s  
of t h e  elements  of t h e  s c a t t e r i n g  mat r ix  f o r  a  wa te r  haze  L allowed t h e  
computation of t h e  s c a t t e r i n g  phase func t ion  f o r  t h e  s c a t t e r i n g  angle  
i n t e r v a l  of i n t e r e s t .  This  f u n c t i o n ,  shown i n  F igure  3, f o r  a  wavelength 
of  0.45 micrometers undergoes a  minimum n e a r  120' from which i t  rises t o  
a r e l a t i v e  maximum a t  165' wi th  a secondary minimum between t h i s  p o i n t  
and t h e  maximum va lue  f o r  180' backsca t  ter. 
Combination of t h e  computed s c a t t e r i n g  angles  of  Figure 2 w i th  t he  
phase func t ion  i n  Figure 3 allowed an e s t i m a t e  t o  be  made of t h e  v a r i a t i o n  
i n  r e f l e c t e d  i n t e n s i t y  across  t he  f l i g h t l i n e .  The r e s u l t  f o r  a  wavelength 
o f  0.45 micrometers is  presen ted  i n  F igure  4  a s  t h e  p r e d i c t e d  curve. 
Lowest va lues  occu r  along the  l e f t  ( e a s t )  s i d e  of  t h e  f l i g h t l i n e .  These 
correspond t o  minimum va lues  o f  t h e  s c a t t e r i n g  phase func t ion  n e a r  120'. 
A s  s c a t t e r i n g  angles  i n c r e a s e  moving t o  t he  r i g h t  (west)  i n t e n s i t y  i n -  
c r ea se s  reaching a  peak f o r  165' s c a t t e r i n g  angle .  Beyond t h i s  p o i n t  t h e  
r e f l e c t e d  i n t e n s i t y  decreases  toward t h e  right-hand s i d e  o f  t h e  f l i g h t -  
l i n e .  
I n  o r d e r  t o  o b t a i n  a  measure o f  t h e  agreement between t h e s e  c a l -  
c u l a t i o n s  and t h e  observed i n t e n s i t i e s ,  t h e  l a t t e r  were averaged colunm- 
by-column f o r  t h e  t o t a l  l ength  of t h e  f l i g h t l i n e .  The r e s u l t a n t  v a l u e s ,  
computed f o r  t h e  0.46 - 0.49 s p e c t r a l  i n t e r v a l ,  a r e  shown as t h e  observed 
curve i n  F igure  4. The agreement between t h e  two curves is  e x c e l l e n t  f o r  
t h e  le f t -hand  s i d e  o f  t h e  f l i g h t l i n e ,  b u t  d i f f e r e n c e s  as l a r g e  as 30 per-  
cent  occur  nea r  t h e  right-hand s i d e .  A t  t h e  p re sen t  t ime,  no s a t i s f a c t o r y  
exp lana t ion  exis ts  f o r  t h i s  discrepancy.  
Although t h e  agreement f o r  t h i s  case  between theory and observa t ions  
i s  f a r  from p e r f e c t ,  the  r e s u l t s  a r e  s u f f i c i e n t l y  encouraging t o  warrant  
f u r t h e r  s tudy .  A t  t h e  p re sen t  t ime ,  a  model o f  a tmospheric  a t t e n u a t i o n  
(Elterman, 1970) i s  be ing  adapted f o r  a p p l i c a t i o n  t o  problems of t h i s  
na tu re .  The Elterman model c o n s i s t s  of t a b u l a t i o n s  of a t t e n u a t i o n  coef- 
f i c i e n t s  a t  var ious  wavelengths from 0 . 2 7  t o  4.00 micrometers f o r  s e v e r a l  
a l t i t u d e s  from t h e  s u r f a c e  t o  50 k i lometers .  The a t t e n u a t i o n  c o e f f i c i e n t s  
account f o r  Rayleigh s c a t t e r i n g ,  ozone, and ae roso l  e x t i n c t i o n  i n  t h e  a t -  
mosphere. The manner i n  which t h e  presence of a haze l a y e r  might be  i n -  
cluded i n  such a  s t anda rd  model i s  shown i n  Figure 5. I n  a d d i t i o n  t o  
reducing t h e  r a d i a t i o n  which reaches t h e  s u r f a c e  and is r e f l e c t e d  t o  t he  
a i r c r a f t  , t h e  haze l a y e r  c o n t r i b u t e s  a  component through m u l t i p l e  i n t e r -  
n a l  s c a t t e r i n g .  As a  r e s u l t  of t h e  combination of t h e s e  two f a c t o r s ,  t h e  
s p e c t r a l  n a t u r e  o f  t he  r a d i a t i o n  rece ived  a t  t he  a i r c r a f t  can be  modified. 
It is hoped t h a t  i t  w i l l  even tua l ly  be  p o s s i b l e  t o  r ep re sen t  t he  haze 
l a y e r  by parameters such as an e f f e c t i v e  t r a n s m i s s i v i t y  and r e f l e c t i v i t y .  
I n  t h i s  way i t  w i l l  be  p o s s i b l e  t o  improve t h e  i d e n t i f i c a t i o n  of  s u r f a c e  
p r o p e r t i e s  from m u l t i s p e c t r a l  remote sensed da ta .  
ELECTRICAL FETHODS OF SOIL MOISTURE MEASUREMENT 
Work on the  e l e c t r i c a l  p r o p e r t i e s  of s o i l  ha s  gone on f o r  s e v e r a l  
decades. The e l e c t r i c a l  p r o p e r t i e s  of s o i l s  a r e  o f  i n t e r e s t  f o r  two 
b a s i c  reasons.  
1. Can f i e l d  s o i l  mois ture  measurements be  made 
more e a s i l y  us ing  some e l e c t r i c a l  technique? 
2 .  Is i t  p o s s i b l e  t o  ex tend  t h e  r e s u l t s  of e l e c -  
t r i c a l  measurements t o  remote s ens ing  s o i l  mois ture  
measurement techniques? 
The work of  ~ l a n c h a r d ~  and of ilousch4 concerning the  measurement of  
s o i l  moisture  us ing  microwave techniques has been r epo r t ed  elsewhere i n  
t he se  proceedings.  E a r l i e r ,  Davis -- e t  a15  produced a  s tudy  of t h e  r a d a r  
scattering.characterist ics of  s o i l s  as a  func t ion  of mois ture  conten t .  
Purdue r e sea rche r s  decided t o  s tudy  t h e  v a r i a t i o n  of  s o i l  permit- 
t i v i t y ;  t h a t  is, a  capac i tance  measurement versus  moisture .  This  de- ' 
c i s i o n  was made a f t e r  an ex tens ive  l i t e r a t u r e  s tudy  i n d i c a t e d  t h a t  s o i l  
s a l t  conten t  s t r o n g l y  i n f luenced  r e s u l t s  o f  techniques which depended 
upon conduct iv i ty  measurements. The b a s i c  sample ho lde r  used is  a  co- 
a x i a l  s t r u c t u r e  i n  which l abo ra to ry  prepared s o i l  samples were i n s e r t e d .  
The samples were prepared by mixing a  p a r t i c u l a r  s o i l  type  w i th  i c e  i n  a 
c o l d  room and t h e n  pack ing  t h e  mix ture  i n t o  t h e  s o i l  sample h o l d e r .  The 
sample h o l d e r  i s  h e m t i c a l l y  s e a l e d  s o  t h a t  t h e  m o i s t u r e  c o n t e n t  o f  t h i s  
sys tem remains s t a b l e  a f t e r  t h e  sample h o l d e r  is  loaded .  The sample i s  
a l lowed t o  rise t o  room tempera tu re  a t  which time t h e  c a p a c i t a n c e  (and 
conductance)  o f  t h e  sample h o l d e r  and i t s  c o n t e n t s  is  measured on a 
s t a n d a r d  impedance b r i d g e .  
I n  F i g u r e  6 ,  t h e  c a p a c i t a n c e  o f  a sample h o l d e r  c o n t a i n i n g  a p a r -  
t i c u l a r  s o i l  t y p e  a t  a f i x e d  percen tage  of m o i s t u r e  i s  measured a s  a 
f u n c t i o n  o f  f requency.  I n  p r i n c i p l e  t h e  c a p a c i t a n c e  of t h e  sample s h o u l d  
b e  f requency independent .  But t h e  p resence  o f  s a l t s  i n  t h e  s o i l  sample 
c r e a t e  f r e e  i o n s  which form a p o l a r i z a t i o n  l a y e r  n e a r  t h e  o u t s i d e  s u r f a c e  
o f  t h e  c o a x i a l  sample h o l d e r .  Th i s  produces  an e f f e c t i v e  r e s i s t a n c e  
c a p a c i t a n c e  combinat ion t h a t  appears  i n  a series w i t h  t h e  a c t u a l  capa- 
c i t a n c e  r e s i s t a n c e  combination o f  t h e  s o i l  sample i t s e l f .  The c a p a c i t a n c e  
of t h e  s o i l  sample i s  a c t u a l l y  f requency independen t ;  whereas ,  t h e  capa- 
c i t a n c e  of t h e  p o l a r i z a t i o n  l a y e r  depends upon f requency due t o  i o n  
i n e r t i a  e f f e c t s .  I n  F i g u r e  6 a t h e o r e t i c a l  curve based  on a s imple  two- 
e lement  l u i p  c a p a c i t i v e  model is  a l s o  shown. On t h e  same set of  a x e s ,  
some e x p e r i m e n t a l  d a t a  f o r  a p a r t i c u l a r  s o i l  sample i s  a l s o  p l o t t e d .  The 
d i f f e r e n c e  between t h e  two curves  can b e  e x p l a i n e d  due t o  t h e  s i m p l i c i t y  
of t h e  lumped model. As more e lements  a r e  i n s e r t e d  and t h e  approximat ion 
t o  t h e  a c t u a l  d i s t r i b u t e d  c a p a c i t a n c e  c a s e  i s  approached,  one would e x p e c t  
e x p e r i m e n t a l  and c a l c u l a t e d  r e s u l t s  t o  come c l o s e r  t o g e t h e r .  Such 
modeling a t t e m p t s  a r e  c u r r e n t l y  i n  p r o g r e s s .  
I n  F igure  7a t h e  r e l a t i o n s h i p  between c a p a c i t a n c e  and s o i l  m o i s t u r e  
f o r  a p a r t i c u l a r  s o i l  type i s  p l o t t e d .  Some s c a t t e r  i n  t h e  d a t a  is  
observed .  However, no a t t empt  was made d u r i n g  t h e  p r e p a r a t i o n  o f  t h e s e  
d a t a  t o  c o n t r o l  t h e  compaction and c u r i n g  t ime of t h e  sample.  Curing 
t i m e  i s  d e f i n e d  a s  t h e  p e r i o d  between t h e  t ime t h e  sample i s  loaded  and 
t h e  time t h e  sample is measured. One would expec t  t h a t  i f  t h e s e  two 
paramete rs  were c o n t r o l l e d  t h a t  l e s s  s c a t t e r  i n  t h e  d a t a  would r e s u l t .  
The impor tan t  r e s u l t  t o  be  d e r i v e d  from F i g u r e  7 is  t h a t  a d e f i n i t e  w e l l -  
d e f i n e d  t r e n d  does e x i s t  between s o i l  c a p a c i t a n c e  and s o i l  mois tu re .  
There i s  promise t h a t  a s imple  f i e l d  probe b a s e d  upon t h e  p r i n c i p l e  d i s -  
cussed  h e r e  could  b e  developed t h a t  would s i m p l i f y  s o i l  m o i s t u r e  measure- 
ments. The problem of e x t e n d i n g  t h e s e  r e s u l t s  t o  microwave measurements 
is c o n s i d e r a b l y  more i n v o l v e d  and t h e  q u e s t i o n  of whe ther  a c l o s e d  form 
s o l u t i o n  e x i s t s  t o  t h e  a n a l y t i c a l  problem t h a t  is  invo lved  h a s  y e t  t o  b e  
determined.  
. THEWIOGRAPHIC STUDIES OF NUTRITIONALLY 
STRESSED VEGETATION 
A Barnes  Model T-4 s c a n n i n g  r a d i o m e t e r  h a s  been used t o  s t u d y  c o r n  
p l a n t s  and l e a v e s  under s e v e r a l  c o n d i t i o n s  o f  n u t r i t i o n a l  s t r e s s .  Corn 
p l a n t s  grown i n  a  hydropon ic  g reen  house  exper iment  w i t h  c o n t r o l l e d  
n u t r i t i o n a l  d e f i c i e n c i e s  were  examined i n  a  v a r i e t y  o f  envtronments  t o  
a s c e r t a i n  l e a f - t h e r m a l  v a r i a t i o n .  The thermogram of  a  s u l f u r  d e f i c i e n t  
co rn  p l a n t  i s  shown i n  F i g u r e  8. T5e s u l f u r  d e f i c i e n t  co rn  p l a n t  i s  i n  
t h e  l e f t - h a n d  p o r t i o n  o f  t h e  f i g u r e ,  whereas a  c o n t r o l  h e a l t h y  corn  p l a n t  
i s  i n  t h e  r igh t -hand  p o r t i o n  o f  t h e  f i g u r e .  The o b j e c t  i n  t h e  middle  of  
t h e  s l i d e  is  a blackbody r e f e r e n c e .  The ambient t e m p e r a t u r e  o f  t h i s  
exper iment  was 24" C. However, t h e  s u r f a c e  l o c a t e d  immediate ly  b e h i n d  
b o t h  p l a n t s  was a t  a t e m p e r a t u r e  o f  16.5"C. The n u t r i t i o n a l l v  s t r e s s e d  
p l a n t  was approx imate ly  1 ° c  -- c o o l e r  t h a n  t h e  c o n t r o l  p l a n t .  T h i s  f a c t  
would have been d i f f i c u l t  t o  a s c e r t a i n  w i t h  a  c o n v e n t i o n a l  r a d i o m e t e r  
because  o f  t h e  t h e r m a l - s p a t i a l  v a r i a t i o n s  on t h e  n u t r i t i o n a l l y  s t r e s s e d  
p l a n t .  Because o f  t h e  f o u r t h  power v a r i a t i o n  o f  r a d i a t i o n  w i t h  r e s p e c t  
t o  t e m p e r a t u r e  t h e  warmer p o r t i o n s  o f  t h e  n u t r i t i o n a l l y  s t r e s s e d  p l a n t  
dominate t h e  r a d i a t i o n  o f  t h e  whole p l a n t  and t e n d  t o  o b s c u r e  t h e  a c t u a l  
the rmal  c o n d i t i o n  o f  t h e  p l a n t .  The use o f  t h e  s c a n n i n g  r a d i o m e t e r  
e n a b l e s  one  t o  f i n e l y  d e l i n e a t e  t h e  t e m p e r a t u r e  p r o f i l e  o f  a  p l a n t  when 
compared t o  a  h e a l t h y  c o n t r o l l e d  p l a n t .  One o b s e r v e s  t h a t  t h e  c o n t r o l  
p l a n t  e x h i b i t s  a  r e l a t i v e l y  uniform t h e r m a l - s p a t i a l  v a r i a t i o n .  I n  
F i g u r e  9 a  similar exper iment  i n v o l v i n g  a  n i t r o g e n  d e f i c i e n t  p l a n t  i s  
shown. The n i t r o g e n  d e f i c i e n t  p l a n t  e x h i b i t s  approx imate ly  a 2°C c o o l e r  
t e m p e r a t u r e  a g a i n  w i t h  a  16.5"C background r e f e r e n c e  s u r f a c e  and a  2 3°C 
ambient t empera tu re .  I n  b o t h  F i g u r e s  8 and 9 t h e  s c a n  t ime t o  deve lop  
t h e  thermogram was s i x  minu tes .  
I n  F i g u r e  1 0  a  thermogram o f  c o n t r o l  and n u t r i t i o n a l l y  s t r e s s e d  
corn  l e a v e s  i s  shown. From l e f t  t o  r i g h t  t h e  l e a v e s  are: c o n t r o l ,  
t h r e e  s u l f u r  d e f i c i e n t  l e a v e s ,  a c o n t r o l  l e a f ,  t h r e e  n i t r o g e n  d e f i c i e n t  
l e a v e s ,  and a n o t h e r  c o n t r o l  l e a f .  The s c a n  t ime  used t o  deve lop  t h e  
thermogram was 4 1 / 2  seconds .  A s t y r o f o a m  s u r f a c e  was used a s  t h e  back- 
ground f o r  t h e  corn  l e a v e s .  A warm s u r f a c e  o f  approx imate ly  35OC ( a  
h e a t i n g  anemos ta t )  was l o c a t e d  n e a r  t h e  exper iment .  The ambient temper- 
a t u r e  w a s  approx imate ly  23°C. The s u l f u r  d e f i c i e n t  l e a v e s  a r e  approx i -  
mate ly  1°C warmer; whereas ,  t h e  n i t r o g e n  d e f i c i e n t  l e a v e s  a r e  approx i -  
mate ly  2 ° C  warmer than  t h e  c o n t r o l  l e a v e s .  
The p r e l i m i n a r y  c o n c l u s i o n  is  t h a t  n u t r i t i o n a l l y  s t r e s s e d  p l a n t s  
a r e  n o t  always h o t t e r  t h a n  a  c o n t r o l  p l a n t ,  b u t  a p p a r e n t l y  a r e  i n f l u e n c e d  
more s t r o n g l y  by environment .  I t  i s ,  t h e r e f o r e ,  p o s s i b l e  f o r  n u t r i -  
t i o n a l l y  s t r e s s e d  p l a n t s  t o  b e  c o o l e r  than  h e a l t h y  p l a n t s  i n  a  s i m i l a r  
environment  i f  a  c o l d  s u r f a c e  i s  l o c a t e d  nea rby .  I t  a p p e a r s  from t h i s  
exper iment  t h a t  n u t r i t i o n a l l y  s t r e s s e d  p l a n t s  a r e  n o t  a s  w e l l  a b l e  t o  
c o n t r o l  t h e i r  t e m p e r a t u r e  a s  a  h e a l t h y  p l a n t  i n  t h e  same env i ronmenta l  
s i t u a t i o n .  C o n t r o l l e d  f i e l d  exper iments  a r e  b e i n g  des igned  t o  s e e  i f  - 
t h i s  e f f e c t  can be  obse rved  i n  a  n a t u r a l  environment.  
AT IMPROVED FIELD SPECTRORADIOMETER 
P r c v i o u s l y 6  i t  h a s  been shown t h a t  i t  is  e s s e n t i a l  t o  have  r a p i d  
s p e c t r a l  s c a n  c a p a b i l i t i e s  i n  f i e l d  s p e c t r o r a d i o m e t r i c  measurement s i t u -  
a t i o n s .  For  example,  i n  F i g u r e s  11 and 12  d a t a  t aken  w i t h  an SC-4 P e r k i n  
Elmer S p e c t r o r a d i o m e t e r  is shown. I n  F i g u r e  6 i t  i s  s e e n  t h a t  d u r i n g  t h e  
s p e c t r a l  s c a n  p e r i o d  s o l a r  c o n d i t i o n s  changed which compromised t h e  d a t a  
t h a t  were b e i n g  obse rved .  To f u r t h e r  i l l u s t r a t e  t h e  prohlems o f  s p e c t r a l  
s c a n  t ime ,  t h e  same s p e c t r o m e t e r  was s e t  a t  a p a r t i c u l a r  wavelength  and 
p o i n t e d  a t  a c o r n  p l a n t .  The s p e c t r o m e t e r  was l o c a t e d  i n  an a e r i a l  l i f t  
sys tem.  The wobbles i n  t h e  d a t a  t aken  a t  t h e  f i x e d  wavelength  a r e  n o t  
due t o  d e t e c t o r  n o i s e  b u t  a r e  due t o  t h e  wind d i s t u r b i n g  t h e  geometry o f  
t h e  corn  p l a n t .  These e f f e c t s  a r e  i n  a d d i t i o n  t o  t h e  appearance and d i s -  
appearance of t h e  sun  due t o  c loud  cover .  T h e r e f o r e ,  t h e  requ i rement  
t h a t  r e l a t i v e l y  r a p i d  s p e c t r a l  s c a n s  b e  a v a i l a b l e  i n  f i e l d  s p e c t r o r a d i o -  
me te r s  was made e v i d e n t .  
A f i e l d  s p e c t r o r a d i o m e t e r  b u i l t  t o  s p e c i f i c a t i o n s  developed by t h e  
USDA f a c i l i t y  a t  Weslaco,  Texas ,  S t a n f o r d  U n i v e r s i t y ,  and Purdue Univer- 
s i t y  was b u i l t  by Exotech,  Inc .  o f  G a i t h e r s b u r g ,  Maryland. Th i s  i n s t r u -  
ment,  d e s i g n a t e d  t h e  Model 20B, h a s  been  d e s c r i b e d  i n  d e t a i l  a t  t h e  
Michigan Symposium o f  1971. ' I n  summary, t h e  i n s t r u m e n t  f e a t u r e d  r e f r a c -  
t i v e  f o r e - o p t i c s  and covered  t h e  wavelength  range from .4 t o  .5pm and 
2 . 8  t o  1 5 ~ r n .  Four d e t e c t o r s  w i t h  Joule-Thompson c o o l i n g ,  c i r c u l a r  v a r i -  
a b l e  f i l t e r  wheel  spec t rum s c a n n i n g ,  1 t o  30 second a d j u s t a b l e  s p e c t r a l  
s c a n s  and a d j u s t a b l e  f i e l d  o f  view from 314 t o  15" were f e a t u r e s  o f  t h i s  
i n s t r u m e n t .  F i g u r e  1 3  shows t h i s  i n s t r u m e n t  under  f i e l d  t r i a l .  
Based upon f i e l d  e x p e r i e n c e  w i t h  t h i s  i n s t r u m e n t ,  a n o t h e r  i n s t r u -  
ment, d e s i g n a t e d  t h e  Model 20C, has been s p e c i f i e d  and b u i l t  by Exotech,  
I n c .  f o r  LARS/Purdue. T h i s  i n s t r u m e n t  f e a t u r e s  a  r e f l e c t i v e  f o r e - o p t i c  
s y s t e m  (Newtonian t e l e s c o p e s )  , a f i e l d  c a l i b r a t i o n  sys tem,  and an i n -  
l i n e  s i g h t i n g  sys tem.  I n  a d d i t i o n ,  s e v e r a l  e l e c t r o n i c  improvements and 
an e l e c t r i c a l  view a n g l e  ad jus tment  f e a t u r e  have  been i n c l u d e d .  
A g e n e r a l  view o f  t h e  s h o r t  wavelength  head (.4pm t o  2 .5~rn)  a l o n g  
w i t h  i t s  c o n t r o l  conso le  i s  shown i n  F i g u r e  14 .  The c o n t r o l  conso le  is  
normal ly  l o c a t e d  i n  an i n s t r u m e n t  van and t h e  o p e r a t o r  can c o n t r o l  s c a n  
s p e e d ,  d e t e c t o r  g a i n ,  f i e l d  of view, and t h e  v iewing p o r t  i n s i d e  t h e  
i n s t r u m e n t  van: t h e  look a n g l e  and focus  are c o n t r o l l e d  by an o p e r a t o r  
49-7 
l o c a t e d  a t  t h e  instrument  head. A close-up of  t h e  ins t rument  head is  
shown i n  F igure  15. The v e r t i c a l  tube con ta in s  a ceramic p l a t e  t h a t  
approximates a Lambertian r e c e i v e r  s o  t h a t  t h e  s o l a r  i r r a d i a n c e  can be  
s p e c t r a l l y  monitored almost s imul taneous ly  wi th  t he  t a r g e t  rad iance .  The 
d e t e c t o r s  are s e n s i t i v e  t o  e i t h e r  t h e  s o l a r  i r r a d i a n c e  o r  t h e  t a r g e t  
rad iance ,  depending upon a p o s i t i o n  o f  a m i r r o r  w i t h i n  t h e  ins t rument  
t h a t  i s  c o n t r o l l e d  by t h e  ope ra to r .  The view angle  adjustment of  t h e  
instrument  is shown i n  Figure 1 6 ,  whereas t h e  f e a t u r e s  of t h e  Newtonian 
te lescope  f o r e - o p t i c a l  system a r e  i l l u s t r a t e d  i n  Figure 17. 
The i n t e r n a l  s t r u c t u r e  of t h e  chopper module is  shown i n  F igure  18. 
The chopper wheel ,  v i s i b l e  i n  t h e  middle o f  t h e  chopper module, i s  
arranged s o  t h a t  each of  t h e  two d e t e c t o r s  i n  t h e  ins t rument  head a r e  
a l t e r n a t e l y  exposed t o  t h e  incoming r a d i a t i o n  and a blackbody r e f e r ence  
l o c a t e d  w i t h i n  t h e  i n s  trurnent . The c i r c u l a r  v a r i a b l e  f i l t e r  wheels a r e  
joined t o g e t h e r  by a t iming b e l t  and a r e  l o c a t e d  between t h e  d e t e c t o r s  
and a s e t  of r e l a y  o p t i c s  which focus t he  impinging r a d i a t i o n  on t h e  
app rop r i a t e  d e t e c t o r .  The low no i se  p re -ampl i f i e r s  a r e  l o c a t e d  i n  c l o s e  
proximity t o  t h e  d e t e c t o r s  and a c a r e f u l l y  designed grounding system i s  
used t o  minimize n o i s e  pick-up. Hal l -Ef fec t  motors a r e  used t o  avoid 
brush a r c i n g  e f f e c t s .  The Joule-Thompson cool ing  assembly is i l l u s t r a t e d  
i n  Figure 19. Joule-Thompson coo le r s  a r e  used i n  p re fe r ence  t o  con- 
ven t iona l  l i q u i d  n i t r o g e n  cooled dewars s o  as  t o  permit  a wide range of  
ins t rument  head ope ra t i ng  angles .  Some t y p i c a l  d a t a  t h a t  h a s  been re- 
p o r t e d  elsewhere6 is  shown i n  F igure  20. 
The d a t a  from t h e  ins t rument  is recorded on a seven-channel analog 
t ape  r eco rde r  which is  then subsequent ly  d i g i t i z e d  i n  t h e  l a b o r a t o r y ' s  
analog t o  d i g i t a l  conversion system. A sof tware  system has been de- 
veloped which enab le s  t h e  u s e r  t o  p re sen t  t h e  da t a  i n  c a l i b r a t e d  form i n  
a v a r i e t y  of formats .  
A BIOLOGICAL SPECTROPHOTOMETER 
A new spectrophotometer ,  shown i n  F igure  21, designed exp re s s ly  t o  
o b t a i n  d a t a  on i n t a c t  b i o l o g i c a l  samples,  has  been r e c e n t l y  developed. 
The r a d i a t i o n ,  which i n t e r a c t s  wi th  t h e  specimen and is  subsequent ly  
measured, is  in f luenced  by t h e  abso rp t ion ,  d i s t r i b u t i o n  of t h e  absorbing 
subs t ances ,  l i g h t  s c a t t e r i n g ,  and geometry o f  t he  specimen. I n  o r d e r  t o  
quan t i fy  t h e s e  f a c t o r s ,  t h e  primary design c r i t e r i o n  was t o  develop a 
monochromator having h igh  power ou tput  c o n s i s t a n t  wi th  good q u a l i t y  
s p e c t r a .  High i n c i d e n t  power c o n t r i b u t e s  t o  improved s p a t i a l  r e s o l u t i o n  
and geomet r ica l  measurements of t h e  r a d i a t i o n  r e f l e c t e d  o r  t r ansmi t t ed  
by t h e  specimen a s  w e l l  a s  pe rmi t t i ng  g r e a t e r  freedom i n  t h e  s e l e c t i o n  
of  t he  d e t e c t o r s .  
The i n s t r u m e n t  s o u r c e  is  a  q u a r t z  i o d i n e  lamp. The lamp f i l a m e n t  
is a t  t h e  f o c a l  p o i n t  of  t h e  f i r s t  o r  c o l l i m a t i n g  m i r r o r  and r e p l a c e s  
t h e  e n t r a n c e  s l i t  o f  a  c o n v e n t i o n a l  monochromator d e s i g n  a s  shown i n  
F i g u r e  22. The lamp i s  w a t e r  coo led  and b a f f l e d  i n  such  a  way t h a t  t h e  
l i g h t  t h a t  e n t e r s  t h e  monochromator is  r e s t r i c t e d  t o  t h a t  which is  
a c t u a l l y  used by t h e  o p t i c s  o f  t h e  sys tem.  
The pr imary d i s p e r s i o n  e lement  i s  a  5" x 6" d e f r a c t i o n  g r a d i n g  
b l a z e d  a t  600 nm. A l i n e a r  va r i ab le -wave leng th  f i l t e r  f o r  o r d e r  s o r t i n g  
and r e d u c i n g  s t r a y  l i g h t  i s  l o c a t e d  a t  t h e  e x i t  s l i t ,  and t h e  movement 
o f  t h e  f i l t e r  i s  s y n c h r o n i z e d  wi th  t h e  g r a d i n g  r o t a t i o n .  A r e f e r e n c e  
c e l l  i s  used t o  moni to r  t h e  o u t p u t  o f  t h e  monochromator. 
Assemblies f o r  measur ing b i - d i r e c t i o n a l  r e f l e c t a n c e  and l a r g e  a r e a  
r e f l e c t a n c e  a r e  shown i n  F i g u r e s  2 3  and 24 .  T y p i c a l  d a t a  o b t a i n e d  from 
t h e  b i - d i r e c t i o n a l  r e f l e c t a n c e  is shown i n  F i g u r e  25 f o l l o w i n g  p rocedures  
o u t l i n e d  by Breece  and Holmes. 8 
The DC measurement s y s t e m  i s  a v a i l a b l e  where t h e  o u t p u t  o f  t h e  
d e t e c t o r  i s  f e d  d i r e c t l y  t o  an o p e r a t i o n a l  a m p l i f i e r .  E i t h e r  l i n e a r  o r  
l o g a r i t h m i c  o u t p u t  can b e  used.  Th i s  sys tem i s  very e a s y  t o  o p e r a t e  and 
p r o v i d e s  a means of  r a d i a t i o n  measurement f o r  anv s o u r c e  such as Elour-  
e s c e n c e  where l i g h t  chopping cannot  b e  accomplished e a s i l y .  The chopped 
l i g h t  s y s  tern is  a l s o  i n c o r p o r a t e d  i n  t h e  i n s t r u m e n t  i n  c o n j u n c t i o n  w i t h  
a  commercial l o c k - i n  a m p l i f i e r  and p r o v i d e s  a  l o v e r  n o i s e  e q u i v a l e n t  
power than  t h e  DC sys tem.  
Data a r e  r e c o r d e d  on an XY r e c o r d e r  o r  may b e  r e c o r d e d  i n  d i g i t a l  
form o r  s u b s e q u e n t  d i g i t a l  p r o c e s s i n g .  For normal u s e  t h e  d a t a  r e q u i r e s  
c o r r e c t i o n s  f o r  s p e c t r a l  r e sponse  and wave leng th .  And t h e  sys tem i s  s e t  
up s o  t h a t  t h e s e  c o r r e c t i o n s  a r e  s u b s e q u e n t l y  made bv a computer. 
The performance summary o f  t h e  s y s t e m  f o l l o w s .  
monochromator o u t p u t  power: (1090 w a t t  lamp) , 700nm, watts 
band p a s s  : l0nm 
wavelength  range:  350 t o  1200nn 
s c a n n i n g  s p e e d  : .03nm/sec t o  30nmlsec 
d e t e c t o r  n o i s e  e q u i v a l e n t  power: 530nm 
p h o t o m u l t i p l i e r :  10-I w a t t s  
r ecord ing-ana log ,  XY r e c o r d e r :  8 1 / 2 "  x 11" 
d i g i t a l  p a p e r  t a p e ,  d i r e c t  computer i n t e r f  a c e ,  r e c o r d  i n t e r v a l  lOnm 
The t r a n s m i t t a n c e  assembly capab le  of measur ing t h e  t r a n s m i t t a n c e  
o f  f i x e d  specimens  i s  a l s o  i n c l u d e d  i n  t h e  b a s i c  i n s t r u m e n t  s t r u c t u r e .  
T r a n s m i t t a n c e  s p e c t r a  of specimens  a s  t h i c k  a s  a g r a p e f r u i t  can b e  e a s i l y  
o b t a i n e d  on t h i s  i n s t r u m e n t .  A l a r g e  r e f l e c t a n c e  assembly was des igned  
t o  p rov ide  a  means f o r  o b t a i n i n g  an a r e a  i n t e g r a t e d  r e f l e c t a n c e  measure- 
ment. D e t e c t o r  g e o m e t v  can b e  modi f i ed  t o  s u i t  t h e  e x p e r i m e n t a l  r e -  
qu i rements .  The b i - d i r e c t i o n a l  assembly was used t o  o b t a i n  r e f l e c t a n c e  
d a t a  a s  a f u n c t i o n  o f  a n g l e  o f  i n c i d e n c e  and a n g l e  o f  d e t e c t i o n .  The 
c o o r d i n a t i o n  o f  t h i s  i n s t r u m e n t  w i t h  t h e  f i e l d  s p e c t r o r a d i o m e t e r  des-  
c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  e n a b l e s  t h e  r e s e a r c h e r  t o  deve lop  a  com- 
p l e t e  l a b o r a t o r y - f i e l d  e x p e r i m e n t a l  d e s i g n  on many n a t u r a l  sys tems .  
The work d e s c r i b e d  i n  t h i s  r e p o r t  r e p r e s e n t s  t h e  work o f  many 
i n v e s t i g a t o r s .  They a r e  a s  f o l l o w s :  
1. I n f l u e n c e  o f  Haze Layers  on P ~ m o t e l v  Sensed S u r f a c e  P r o p e r t i e s  
P r o f .  Gerald  J u r i c a ,  Mr. William Murrav 
2. E l e c t r i c a l  Yethods o f  S o i l  V o i s t u r e  Neasurement 
P r o f .  Floyd V. S c h u l t z ,  Mr. James Zalusky 
3 .  Thermographic S t u d i e s  o f  V e g e t a t i o n  Under N u t r i t i o n a l  S t r e s s  
D r .  Hasan Al-Abbas, P r o f .  LeRoy F. S i l v a ,  M r .  F r e d e r i c k  L. 
P h i l l i p s  
4 .  Improved F i e l d  S p e c t r o r a d i o m e t r y  
Mr. B a r r e t t  Bobinson,  Yr. Robert  Hase lby ,  P r o f .  LeRoy F. S i l v a  
5. B i o l o g i c a l  Spect ropho tome t r y  
D r .  Gera ld  B i r t h  
The work d e s c r i b e d  i n  t h i s  v a p e r  was s u p p o r t e d  by NASA under  
c o n t r a c t  #15-005-112. 
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Figure 1. Data in 0.46-0 .49 micrometers channel taken from 
June 30, 1971, flight over Pike Countv, Indiana (Segment 225) 
49-11 
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Figure 2 .  S c a t t e r i n g  ang les  computed for  June 30,  1971,  
f l i g h t  over  Segment 225 .  
Scattering Angle (Degrees) 
Figure  3 .  S c a t t e r i n g  phase  f u n c t i o n  a t  0 .45 micrometers a s  a 
f u n c t i o n  o f  s c a t t e r i n g  a n g l e  f o r  a  c o n t i n e n t a l  haze  l a y e r  
( a f t e r  Deirmendj i a n ,  1969).  
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F i g u r e  4 .  Comparison between p r e d i c t e d  r e f l e c t e d  i n t e n s i t y  a t  
0.45  micromete r s  and o b s e r v e d  v a l u e s  for 0.46-0.49 micromete r s  
averaged f o r  t h e  length o f  the June 30, 1971 ,  f l i g h t  o v e r  
Segment 225.  
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Figure 6 .  Capacitance of  a coaxial  sample holder loaded with 
Crider clay (42 .8% moisture) as a function of  frequency. 
Empty holder capacitance assumed t o  be 61)pF. 
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Figure 7 .  Capacitance of  a coaxial  sample ho3 der loaded w i t h  
Crider clay as a function o f  moisture content.  Measurement 
frequencv, 2MHz. 
F
ig
ur
e 
8.
 
Th
er
m
og
ra
m
 o
f 
a 
s
u
lf
u
r 
de
fi
ci
en
t 
c
o
rn
 
pl
an
t 
a
s 
c
o
m
pa
re
d 
to
 a
 
he
al
th
y 
c
o
rn
 
pl
an
t 
(o
n 
th
e 
r
ig
h
t)
. 
pe
ra
tu
re
 i
s 
24
°C
. 
A
 b
ac
kg
ro
un
d 
be
hi
nd
 t
he
 ~
la
nt
s 
is
 
Th
e 
n
u
tr
it
io
n
al
ly
 s
tr
e
ss
e
d 
pl
an
t 
is
 a
pp
ro
xi
m
at
el
y 
lO
e 
th
e 
he
al
th
y 
pl
an
t.
 
Sc
an
 t
im
e:
 6
 m
in
ut
es
. 
(o
n 
th
e 
le
ft
) 
Am
b i
en
 t 
te
m
-
a
t 
l6
.
5°
C.
 
co
o
le
r
 
th
an
 
.
j::""
" 
\0
 
I I-
' 
C
P 
F
ig
ur
e 
9.
 
Th
er
m
og
ra
m
 o
f 
a 
n
it
ro
ge
n 
de
fi
ci
en
t 
c
o
rn
 
pl
an
t 
(o
n 
th
e 
le
ft
) 
a
s 
co
m~
ar
ed
 t
o
 
a 
he
al
th
y 
c
o
rn
 
pl
an
t 
(o
n 
th
e 
r
ig
h
t)
. 
Am
bi
e
n
t 
te
m
pe
r-
a
tu
re
 
is
 2
4°
C
. 
A
 b
ac
kg
ro
un
d 
be
hi
nd
 t
he
 p
la
nt
s,
 
is
 a
t 
l6
.5
~C
. 
Th
e 
n
u
tr
it
io
n
al
ly
 s
tr
e
ss
e
d 
pl
an
t 
is
 a
pp
ro
xi
m
at
el
y 
2°
C 
c
o
o
le
r 
th
an
 t
he
 
he
al
th
y 
pl
an
t.
 
Sc
an
 t
im
e:
 6
 m
in
ut
es
. 
+
:-
'
0
 
I ~
 
\0
 
Fi
gu
re
 1
0.
 
A
 t
he
rm
og
ra
m
 o
f 
he
al
th
y 
a
n
d 
n
u
tr
it
io
n
al
ly
 s
tr
e
ss
e
d 
c
o
rn
 
le
av
es
. 
Fr
om
 l
ef
t 
to
 
r
ig
ht
: 
he
al
th
y,
 
th
re
e 
s
u
lf
ur
 d
ef
ic
ie
n
t,
 
he
al
th
y,
 
th
re
e 
n
it
ro
ge
n 
de
fi
ci
en
t,
 h
ea
lt
hy
, 
s
ty
ro
fo
am
 b
ac
kg
ro
un
d.
 
A
m
bi
en
t 
te
m
pe
ra
tu
re
 i
s 
23
°C
 b
ut
 a
 
35
°C
 s
u
rf
ac
e 
i~
 l
oc
at
ed
 n
e
a
rb
y.
 
Th
e 
s
u
lf
ur
 d
ef
ic
ie
nt
 l
ea
ve
s 
a
re
 
a
pp
ro
xi
m
at
el
y 
lO
e 
w
a
rm
e
r 
a
n
d 
th
e 
n
it
ro
ge
n 
de
fi
ci
en
t 
le
av
es
 a
re
 
a
pp
ro
xi
m
at
el
y 
2°
C 
~a
rm
er
 t
ha
n 
th
e 
he
al
th
y 
le
av
es
. 
+
:-
\0
 
I I\
) 
o
 
1 
SMART WEED 
x x x x x x x r  DARK SOIL 
--- GREEN ALFALFA 
-*-*- YELLOW ALFALFA 
* * * * * * *  RED CLOVER 
W 
0 
z 
5 SUN APPEARED - 
0 
a 
lr 
A 
a 
lr 
I- 
U 
W 
a 
V) 
W 
> 
- 
F 
a 
A 
W 
lr 
3.0 3.2 3.4 3.6 
WAVELENGTH, MICRONS 
F i g u r e  11. S p e c t r a l  d a t a  t a k e n  ~ a i t ! ~  a Pe rk in -E lmer  
SG-4 s ~ e c t  ro rad iome  t e r  on a v a r i e t y  o f  c o v e r  t y p e s .  
The r e l a t i v e l y  l o n g  s p e c t r a l  s c a n  t ime  of t h e  i n s t r u -  
ment p e r m i t s  e n v i r o n m e n t a l  changes  to compromise the 
d a t a .  
w
 
C/
) 
z o
 
Cl
. 
C/
) 
w
 
a::
 
w
 
>
 
~
 
~
 
.
.
.
J W
 
a::
 
CH
ER
RY
 
I. 2
9 
JJ 
PI
CK
E 
R
 )J
S
P
E
C
 T R
O
M
E 
T 
ER
 
I'
 
1 
' 
I 
' 
I 
' 
I 
' 
I 
' 
I 
' 
JJ
llU
tt 
CL
OU
D 
~
 
-
~
 
~
 
20
 
40
 
60
 
T
IM
E
. 
SE
C
O
N
D
S 
F
ig
ur
e 
12
. 
R
ad
io
m
et
ri
c 
da
ta
 o
bt
ai
ne
d 
by
 s
to
pp
in
g 
th
e 
P
er
ki
n-
E
lm
er
 S
r.-
4 
~p
ec
tr
or
ad
io
me
te
r 
a
t 
tw
o 
fi
~e
d 
,~
av
el
en
gt
h 
po
si
 ti
o
n
s.
 
Th
e 
"
n
o
is
e"
 i
n
 t
he
 d
at
a 
i!'1
 
du
e 
to
 p
la
nt
 m
o
ti
on
, 
n
o
t 
de
te
ct
or
 n
o
is
e.
 
8
0
 
+=
"" 
\0
 
I I\
) 
I\
) 
~ 
F
ig
ur
e 
13
. 
Th
e 
E
xo
te
ch
 M
od
el
 
20
B 
s
pe
ct
ro
ra
di
om
et
er
 
u
n
de
rg
oi
ng
 f
ie
ld
 t
ri
a
ls
. 
+=
"" 
\(
) I I\
) 
W
 
o
 
F
ig
ur
e 
14
. 
A
 g
en
er
al
 v
ie
w
 o
f 
th
e 
M
od
el
 
20
C 
s
pe
ct
ro
ra
di
om
et
er
 
s
ho
rt
 w
a
v
e
le
n
gt
h 
u
n
it
 s
ho
w
in
g 
th
e 
c
o
n
tr
o
l 
pa
ne
l.
 
~
 
\0
 
I f\)
 
~
 
.
,
 
' 
: 
"
 
,
-
J.. 
•
 
.
,"
 . 
•
 
•
 
D
 
.
.
.
.
 _
 
7;
 
.
.
.
 ' 
•
 
f> 
-
:. 
F
ig
ur
e 
15
. 
A
 c
lo
se
-u
p 
v
ie
w
 o
f 
th
e 
~o
de
l 
20
C 
~h
or
t 
w
a
v
e
le
ng
th
 
he
ad
. 
Th
e 
v
e
r
ti
ca
l 
tu
be
 i
s 
th
e 
s
o
la
r 
ir
ra
dl
an
ce
 i
np
ut
 p
or
t
.
 
~
 
\0
 
I I\
) 
V
l 
e 
o
 
F
ig
ur
e 
16
. 
T
he
 v
ie
w
 a
n
gl
e 
a
Cii
us
tm
en
t 
fe
at
u
re
 
o
f 
th
e 
Mo
de
l 
20
C 
sp
ec
tr
('
r~
di
om
et
er
. 
+
:-
\0
 
I I\
) 
0
'\ 
F
ig
ur
e 
17
. 
A
 v
ie
w
 i
n
to
 t
he
 N
e'
ol
to
ni
an
 
fo
re
-
o
p
ti
ca
l 
te
le
sc
o
p
e 
o
f 
th
e 
M
od
el
 2
0C
. 
~
 
\0
 
I I\
) 
~
 
F
ig
ur
e 
18
. 
T
he
 i
n
te
rn
a
l 
s
tn
lc
tu
re
 o
f 
th
e 
t-
tn
de
1 
20
C 
s
p
ec
tr
o
-
r
a
di
om
et
er
. 
T
he
 c
ho
pp
er
 w
he
el
 
is
 v
is
ib
le
 i
n
 t
he
 m
id
dl
e 
o
f 
th
e 
m
a
in
 c
o
m
pa
rt
m
en
t.
 
A
ls
o 
sh
o\>
1n
 i
s 
th
e 
fi
lt
e
r 
,
.
,
he
e1
 d
ri
ve
 
s
ys
te
m
 a
n
d 
r
e
la
y 
o
p
ti
ca
l 
s
y
st
e
m
. 
,
 .
-
~
 
-
•
 
•
 
·i 
+=
"" 
\0
 
I r\)
 
ex
> 
F
ig
ur
e 
19
. 
A
 v
ie
w
 o
f 
th
e 
Jo
ul
e-
T
ho
m
ps
on
 c
o
o
li
ng
 s
ys
te
m
 
o
n
 
th
e 
le
ad
-s
ul
fi
de
 d
et
e~
to
r 
o
f 
th
e 
M
od
el
 2
0C
. 
+=
"" 
\0
 
I [\)
 
\0
 
I I 1 I I I 
A Horizon 
- Dana - - 
Fincastle - - , DRY 
- / 
/' - 
0 
/ 
/ 
- / - 
- -, 
- 
i I 1 I 1 I I 
Wavelength (nm) 
L v 
Figure 20.  S o i l  spectra l  ref lectance  f i e l d ,  data 
obtained on the  Model 20B spectroradiometer. The 
data were reduced manually. 
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Figure 22. A schematic diagram of the biological 
spectrophotometer monochromator assembly. 
Figure 23. The bi-direction reflectance attach- 
ment for the spectrophotometer. 
F i g u r e  2 4 .  The l a r g e  a r e a  r e f l e c t a n c e  a t t achment  
f o r  t h e  s p e c t r o p h o t o m e t e r .  
F i g u r e  25. T v p i c a l  b i - d i r e c t i o n a l  r e f l e c t a n c e  
d a t a  f o r  n a t u r a l  specimens .  
